A nitric oxide (NO) biosensor based on silver nanoparticles was fabricated with high sensitivity and selectivity as well as stability. Silver nanoparticles could preserve the microstructures of hemoglobin, but the electrochemical reactivity of the protein and its detection sensitivity toward NO could be greatly enhanced. Accordingly, a NO biosensor was developed. The linear concentration range was from 1.0 × 10 -6 to 5.0 × 10 -5 M. Its detection limit was 3.0 × 10 -7 M with a sensitivity of 0.0424 µA µM -1 NO. The possible co-existing compounds would not interfere with the detection.
Introduction
Nitric oxide (NO) functions as a signal transduction molecule with great physiological importance in the biological system. [1] [2] [3] It is produced in a number of cells through the enzymatic degradation of L-arginine by NO synthase and works as a highly reactive molecule that has high membrane permeability. [4] [5] [6] And NO plays its essential role in kinds of physiological and pathological process, such as nerve conduction, platelet polymerization, macrophage function, blood vessel relaxation and smooth muscle regulation. 3, 7 Hence, the determination of NO has attracted more and more attentions recently. NO is a fast diffusible gas molecule with a short half-life. Furthermore, it can be oxidized easily in an oxygen environment. 8, 9 Therefore, it is an attractive and challenging task to get the measurement of NO.
For years, electrochemical methods have been preferred to perform the determination of trace NO, since they are sensitive, rapid and inexpensive, [10] [11] [12] [13] [14] [15] compared with methods such as electron paramagnetic resonance (EPR), 16 spectrophotometry 17 and chemiluminesence 18 measurements. NO has been observed to react with hemoglobin (Hb) specially and its reduction can be catalyzed by the protein, which has educed a new hope of designing NO biosensors based on Hb modified electrodes. [19] [20] [21] [22] [23] [24] On the other hand, recently, nanoparticles (NPs) have attracted great attention because of their excellent performances in a variety of areas including sensor devices, [25] [26] [27] [28] [29] [30] [31] [32] since they have quanta character of small granule diameter with large specific surface area and a relatively strong reactivity. NPs have been effectively employed to obtain the direct electrochemistry of Hb, 33, 34 as well as to develop NO biosensors. 35, 36 Here, we report some work with silver NPs, since silver NPs can be among the good choices because of the easy photon transfer and the simple preparation method. 37, 38 In our previous studies, we have constructed a self-assembled silver NPs film to modify Cytochrome c and to get a fast electron transfer of Cytochrome c on the electrode. 39 In this work, we have got the fast direct electron transfer of Hb and the well-defined catalytic reduction of NO at the silver NPs and Hb co-modified pyrolytic graphite (PG) electrode. Accordingly, a NO biosensor is prepared with high sensitivity, stability and selectivity.
Experimental

Reagents
Hb was obtained from Sigma USA and used without further purification. Ascorbate, dopamin, catechol and epinephrine were from Sigma; uric acid was from BDH, UK. Other reagents were of analytical grade. Water was purified with a Milli-Q purification system to a specific resistance of > 16 MΩ cm -1 and was used to prepare all solutions. All the stock solutions were stored in a refrigerator at a temperature of 4˚C.
Apparatus
Electrochemical experiments were carried out with a VMP Potentiostat (PerkinElmer, USA) and a three-electrode system. A one-compartment glass cell with a saturated calomel reference electrode (SCE), a platinum wire auxiliary electrode and a modified PG working electrode were used for the measurements, with a working volume of 10 mL. All the following potentials reported in this work are versus SCE.
The size of the silver colloid was measured with a JEX-200CX transmission electron microscope (TEM) (JEOL, Japan). UV-vis absorption spectroscopy was performed on a Model UV-2201 spectrophotometer (Shimadz, Japan). Fourier transform infrared radiation (FTIR) spectroscopy was performed on a 170SX FTIR spectrometer (Nicolet, Madison, WI, USA).
Silver NPs preparation
Silver NPs were prepared according to the literature. 40, 41 While stirring vigorously, 1.0 mL 5.88 mM tannic acid was added in 100 mL 2.0 mM AgNO3 solution, and dipped with 0.2 mL 1% K2CO3 solution. All the glassware was firstly washed by freshly prepared HNO3 + HCl with volume proportion of 1/3, then rinsed thoroughly with double distilled water and dried in air. The concentration of silver NPs solution was 3.59 × 10 -9 M. The solution was stored at 4˚C in a refrigerator. Transmission electron microscopy (TEM) measurements indicated that the average particle size of silver NPs was 11 ± 1.5 nm (100 particles sampled).
Preparation of modified electrodes
The substrate PG electrode was prepared by putting a PG rod into a glass tube with fixing it by epoxy resin. Electrical contact was made by adhering a copper wire to the rod with the help of Wood alloy.
The PG electrode was firstly polished with pieces of rough and fine sand paper. Then its surface was polished to mirror smoothness with an alumina (particle size of about 0.05 µm)/ water slurry on silk. Eventually, the electrode was thoroughly washed by ultrasonicating in both double distilled water and ethanol for about 5 min.
The bioconjugate of 6 mg mL -1 Hb solution and silver NPs with the integral proportion of 8/1 was spread evenly onto the surfaces of the PG disk electrodes. The electrode surfaces were covered with Eppendorf tubes in the first 2 h to prepare uniform films. Then they were dried in the air. Finally, the modified electrodes were thoroughly rinsed with double-distilled water and then became ready for use. The modified electrodes were stored in the refrigerator at 4˚C when they were not in use.
Preparation of nitric oxide
NO gas was generated according to the following Eq. (1):
The whole process was performed under nitrogen atmosphere to prevent conversion of NO to NOx in the presence of O2. NO gas was purified by passing through three separate trap units: two NaOH solutions (3 M) first and then pure water. Finally, the NO gas was saturated in double distilled water. And the concentration of NO in the saturated solution is estimated to be 1.8 mM at 25˚C, 42 which was made to be the stock solution. NO analyte solutions with desired concentrations were all freshly diluted from this stock solution.
UV-vis absorption spectroscopy measurements
The UV-vis absorption spectra measurements were performed in a 0.1 mg mL -1 Hb or mixed solution of integral proportion 8/1 of 0.1 mg mL -1 Hb solution and silver NPs (Hb maintained 0.1 mg mL -1 in the test sample).
FTIR spectra measurements
Hb solution or mixed solution of integral proportion 8/1 of 6 mg mL -1 Hb solution and silver NPs were dried in the air in order to reduce the interfering of water absorption.
Electrochemical measurements
The test buffer solution was firstly bubbled thoroughly with high purity nitrogen for at least 5 min. Then a stream of nitrogen was blown gently across the surface of the solution in order to keep the solution anaerobic throughout the experiment. Cyclic voltammetry (CV) was carried out in the scan range from 100 mV to -900 mV. All experiments were carried out at room temperature.
Results and Discussion
UV-vis absorption spectra and FTIR spectra measurements have been carried out to study the effects of silver NPs on the microstructures of Hb. UV-vis is sensitive to the possible changes inside the heme microenvironment of Hb. Figure 1 shows the UV-vis absorption spectrogram. The Soret band of Hb in the buffer solution appeared at 405.8 nm, consistent with the Soret band at 405.6 nm for Hb in the mixture with silver NPs. There is nearly no difference in the site or the shape of the Soret band absorption. So the axial ligand of Hb incorporated in the silver NPs solution preserves its native state, 43 which suggests that silver NPs have made no influences on the heme environment of the protein and will preserve the activity of the reactive heme center.
In the meantime, our experimental results from FTIR spectra measurements indicate that Hb is not denatured after its combination with silver NPs. Figure 2 shows charts of FTIR detection of Hb-silver NPs bioconjugates. In Fig. 2A , in amide I region (1700 -1600 cm -1 ), the band of pure Hb at 1658.3 cm -1 is attributed to the C=O stretching vibrations of the amide groups, and in amide II region (1620 -1500 cm -1 ), the one at 1544.5 cm -1 comes from the in-plain N-H bending and C-N stretching. Instead, in Fig. 2B for Hb mixed with silver NPs, the band of amide I region is at 1656.7 cm -1 , and the band of amide II region is at 1543.1 cm -1 . There are only slight dissimilarities between these two samples in their main absorption peaks. As is well known, these two peaks will decrease or shift greatly if the protein is denatured, 44 so the above results suggest that silver NPs will preserve the natural conformation of Hb.
Since silver NPs have provided a suitable environment for Hb, the NPs will promote the electron transfer process of the protein according to our previous researches. 39 Figure 3 shows the cyclic voltammograms (CVs) obtained at an Hb-silver NPs (VHb/Vcolloid = 8/1) modified electrode and at a bare PG electrode inserted in 0.1 M pH 4.0 NaAc-HAc buffer. A pair of welldefined peaks can be observed with the Hb-silver NPs comodified electrode. In contrast, no corresponding peak can be observed with the bare electrode. Further experimental results reveal that no peak appears with a silver NPs alone-modified electrode. Therefore, these two peaks arise from the redox reactions of Hb immobilized with silver NPs. The cathodic and anodic peak potentials are located at -234.0 mV and -185.6 mV, respectively. The formal potential (E 0′ ) is calculated to be -209.8 mV. Figure 4A shows the CVs at different scan rates. The peak currents are linearly proportional to the scan rates in the range from 50 to 1000 mV s -1 (Fig. 4B , Pa: y = 0.566 + 0.022 x, r = 0.999; Pc: y = -1.342 -0.029x, r = -0.997), which indicates a thin-layer electrochemistry phenomenon. The peak separation is 48.4 mV (scan rate: 100 mV s -1 ), and the electron transfer rate can be calculated as 4.183 s -1 . So, the electron transfer process between the protein and electrode is very fast. It is most likely that the nano-sized NPs have relatively wider specific surfaces to integrate proteins and to aid in the orientation of the protein adsorption as well. Simultaneously, silver NPs act as electron transfer tunnels which may favor the electron transfer between the protein and electrode. 39 The pH value of the testing solution would influence the electrochemical behaviors of the protein. Experimental results reveal that the formal potential (E 0′ ) of Hb will shift negatively with the increase of pH value (Fig. 5) . Moreover, the relationship between E 0′ and pH value is linearly proportional in the pH range from 4.0 to 10.0 with a linear regression equation of y = -6.900 -49.225x, r = 0.998. The slope of the plot is -49.225 mV/pH, which implies that the redox reaction consists of a coupling of a single electron with a single proton. 45 Figure 6 shows the CVs of Hb-silver NPs modified electrodes when NO exists in the buffer solutions. Besides the pair of peaks already observed, a new cathodic peak appears at about -666.2 mV; the current of this new peak increases with the addition of NO (the dashed curve).
In contrast, no corresponding peaks can be observed with bare electrode or silver NPs alone modified electrode. According to our previous studies, this new peak is ascribed to the reduction of NO induced by Hb. 22, 24 Therefore, silver NPs not only give Hb an appropriate folding configuration, preserving the natural conformation of Hb, but also facilitate its catalytic reactivity and sensitivity towards the reduction of NO.
The relationship between pH value of the buffer solution and the reduction peak of NO has been examined. Experimental results reveal that under certain NO concentration (1.0 × 10 -5 M for example), the peak shape will be better and the peak current increases when the buffer solution becomes more acidic. So pH 4.0 is chosen to be the optimum pH value of the testing solution in the following experiments. Figure 7 shows the relationship between the reduction peak currents and NO concentrations from 1.0 × 10 -6 to 1.0 × 10 -4 M. A linear dependence of the peak current on the concentration of NO is observed in the range from 1.0 × 10 -6 to 5.0 × 10 -5 M (y = 2.441 + 0.0424x, r = 0.998) (Fig. 7 inset) . The detection limit is estimated to be 3.0 × 10 -7 M, defined from a signal-tonoise ratio of 3. It is smaller than the previous reports. 21, 22, 46 The sensitivity of this NO catalytic reaction is calculated to be 0.0424 µA µM -1 , which is relatively more acute than previously reported results. 21 The apparent Michaelis-Menten constant (Km app ), an important parameter to reveal enzyme-substrate reaction kinetics, can be calculated by the electrochemical version of the Lineweaver-Burk Eq. (2):
where Iss is the steady-state current after the addition of the substrate, c is the bulk concentration of the substrate, and IMax is the maxium current measured under saturate condition. Km app in this Hb-silver NPs system is estimated to be 100.80 µM, which is much smaller compared with the previous reports, 24 indicating a high affinity of Hb and NO. In order to test the applicability of this sensor, its selectivity is evaluated by NO determinations in the presence of some potentially co-existing compounds of NO in biological systems. As shown in Table 1 The largest change is about 3%. So, it can be deduced that the detection of NO is not influenced by these potential interference compounds at concentrations 10 folds higher than expected in biological systems, which indicates that this Hb-silver NPs based NO biosensor has a good selectivity. Though silver NPs are unstable in the presence of electrolytes, the resulting flocculation can break up with the addition of protein. 47 Here we also characterize the effect of chloride to this biosensor. And the result shows no interference with 1.0 × 10 -5 M chloride coexisting. Thus, the possible influence of chloride on this biosensor can be disregarded. Meanwhile, five independent determinations at a NO concentration of 1.0 × 10 -5 M show a relative standard deviation of 3.5%, which displays nice reproducibility of this biosensor. The stability of this NO biosensor has been examined as well. After being covered with Eppendorf tubes in the refrigerator for 15 days, signals decrease by less than 5%, indicating the good stability of this biosensor. 
